ABSTRACT: Polyvinylpyrrolidone (PVP) and carboxy-methyl cellulose (CMC) mixed hydrogels were prepared by heat treatment. The physical characteristics of the hydrogels were studied by Fourier transform infrared spectroscopy and scanning electron microscopy. The swelling study of the hydrogels in water shows remarkable water absorption property. The swelling effect on the rheological behavior of PVP-, PVP-CMC-, and CMC-based hydrogels was investigated to judge its application on uneven surface of body. The rheological properties (storage modulus, loss modulus, and complex viscosity) of samples before drying and swelled (15, 30, and 60 min)
INTRODUCTION
Hydrogels or water-containing gels are crosslinked polymeric materials, which maintain a distinct threedimensional structure 1 and characterized by both hydrophilicity and insolubility in water. 2 They can be classified on the basis of their sources: natural or synthetic gels; on the nature of the crosslinking: covalent or physical gels; on the nature of the network: homopolymer networks, copolymer networks, interpenetrating networks, or double networks; on the presence of pores: homogeneous (optically transparent) hydrogels, microporous and macroporous hydrogels; on the basis of mechanical spectra: strong and weak hydrogels; on the mechanism of gel formation: pseudo/unstable hydrogels, true/permanent hydrogels; and on their fate in an organism: degrad-able and nondegradable hydrogels. 1 It was reported in 1960 that hydrogels were the first biomaterials rationally designed for human use. 1 However, now, these hydrogel biomaterials have a wide range of biomedical applications: drug delivery, contact lenses, control implants, substitutes for skin, ten-abundance in availability. This is the reason why polysaccharides are obvious choices for investigation as potential wound management aids. Alginic acid/ alginate, cellulose/carboxymethyl cellulose (CMC), chi tin and chitosan, dextrin, heparin, and hyaluronic acid/hyaluronate have been used in wound management aids as dressing materials. 11 Researchers are now more concentrating on the blends of natural and synthetic polymers for the development of new biomaterials. These modified new polymeric materials, which are prepared by combining natural and synthetic polymers, 12 have better mechanical properties for biomedical applications than those comprised of single components only. Till today, many researches have been done regarding preparation of hydrogels in combination with synthetic and natural polymers, for example, PVP/CMC, 9 dextran/poly (acrylic acid), 12 starch/PVA, lc> chitosan/PVP, 14 chitosan/PVA, 15 chitosan/poly(ethyleneoxide), 16 algi-nate/poly(N-isopropyl acrylamide), 17 and PVP/ PEG/agar. 5 Among all the natural biomaterials, most abundant polysaccharide is cellulose, a linear chain-shaped polymer joined by (3-1,4-D-glucosidic linkages without any branches. CMC is ether derivative of cellulose, in which original H atoms of cellulose hydroxyl groups are replaced by carboxymethyl substituent, -CH2COOH. It is highly soluble in water and shows biocompatibility. 9 All the aforementioned studies about PVP-based hydrogels report that during the formation of hydrogels, radiation-induced crosslinking method is being used. Irradiation technique is very well known for hydrogel preparation and used widely. But, the drawback of this method is that it is expensive and needs extra laboratory setup. However, no study has been reported yet where only moist heat 18 was applied to initiate crosslinking phenomena within PVP-based hydrogels.
In this article, we discuss the method of preparation of PVP-CMC-based hydrogel and its characterization (physical appearance, physicochemical structure, water uptake capacity, and rheological properties). A series of PVP-CMC hydrogels were prepared with different PVP/CMC ratio to achieve the effective content of composition. It is known that the viscoelastic properties of hydrogels correlate strongly with their microstructures and could pro vide useful information for modulating their performance characteristics. 19, 20 The viscoelastic properties of gel depend on several factors, such as the composition and concentration of the dispersed materials and also the lag time between preparation and measurement. 21 All these fundamental parameters were investigated and reported on the newly developed hydrogels of PVP-CMC.
EXPERIMENTAL
A special kind of hydrogel was prepared with PVP, CMC, PEG, agar, and glycerin for biomedical application by moist heat treatment and then characterized following standard methods. As for the components present in the resultant hydrogel PVP and CMC function as base polymers, PEG performs as healing agent, agar acts as gelling agent, and glycerin is playing the role of humectant. 18 
Materials
PVP K 30 (PVP: molecular weight 40,000), polyethylene glycol 3'000 (PEG: average molecular weight 3015-3685), and agar were supplied by Fluka, Switzerland; carboxymethyl cellulose (CMC: preswollen, microgranular) was purchased from Sigma, USA; glycerin was obtained from Lachema, Czech Republic. 18 The PVP-CMC hydrogels were prepared by moist heat treatment using aqueous solution of PVP, CMC, PEG, agar, and glycerin. Five different polymeric solutions were prepared by varying the ratios of PVP and CMC in the following protocol: 0 : 100, 20 : 80, 50 : 50, 80 : 20, and 100 : 0 and keeping the amount of other components constant. The compositions of each component in the hydrogels are shown in Table I . The hydrogel solutions (100 mL) were prepared in 250-mL sealed glass bottles under physical stimulations (15 lbs pressure and 120°C temperature for 20 min). Then, the liquids (20 mL each) were poured into petridishes (80-mm diameter) following the solution casting method and allowed to cool at room temperature (22-25°C). Finally, smooth and whitish round (diameter: 80 mm, thickness: 2-2.5 mm) hydrogels were obtained and designated as "fresh/before dry hydrogels/' whereas thin, smooth, flexible, and transparent films (diameter: 80 mm, thickness: 0.12-0.15 mm) were achieved after drying at room temperature and designated as "dry hydrogels." The physical appearance of PVP-CMC hydrogels is shown in Table II .
Preparation of hydrogel film

Measurement of moisture content 22
Moisture content of the hydrogels was measured by using eq. (1) in which: M" is the moisture content (%) of material ft, is the wet weight of the sample, and is the weight of the sample after drying. The hydrogel sample was incubated in a mechanical convention type hot air oven at 40°C till it assumed a constant weight. Three replicates were taken, and the average value of moisture content was determined.
weighed and immersed in distilled water until 330 min at room temperature. After the specified time intervals, the water on the swollen gels was wiped off with tissue paper, and the weight of specimens was determined.
The degree of swelling corresponds to the water absorptivity of the material, which is defined by eq. (2), 6 where Ws and Vsid are weights of swollen gel and dried gel, respectively.
Scanning electron microscopy
Scanning electron microscopy (SEM) analysis was carried out on VEGA II LMU (TESCAN) operating in the highvacuum/secondary electron imaging mode at an accelerating voltage of 5-20 kV. The samples were sputter coated with a thin layer of palladium/ gold alloy to improve the surface conductivity and tilted 30° for better observation. The images were taken at magnification of 100 x -10k x .
Fourier transform infrared spectroscopy
Pure PVP, pure CMC, and PVP-CMC gels were analyzed by Fourier transform infrared spectroscopy (FTIR). The ATR-FTIR spectroscopic analysis was conducted by using a NICOLET 320 FTIR Spectrophotometer with "Omnic" software package over the range 4000-600 cm -1 at room temperature. A uniform resolution of 2 cm" 1 was maintained in all cases.
Study of swelling behavior
The degree of swelling can be described as water absorptivity of the hydrogel. The dry films were Dbtained by drying the hydrogels at room temperature (22-25°C) until they reached constant weight. Bmall pieces (1 cm 2 ) from the dry films were
Measurement of viscoelastic properties
The viscoelastic behavior of hydrogels was investigated by using a parallel plate rheometer (ARES; Rheometrics Scientific, USA) testing machine with an "RSI Orchestrator" software package. A 25-mm-diameter parallel plate measuring geometry with a gap of about 2-3 mm was used, employed at small strain amplitude (1%) to maintain the measurements within the linear viscoelastic region. Dynamic frequency sweep tests were carried out at 28° C temperature to observe the storage (G') and loss moduli (G") as a function of a wide range of angular frequencies (©: 0.1-100 rad/s). Influences of the PVP-CMC composition on complex viscosity (r|*), which is calculated by eq. (3), are also discussed.
The rheological properties of the hydrogels were measured several times in different conditions. The viscoelastic properties of the hydrogels just immediately after preparation (designated as fresh/before drying) samples were measured and then after drying the hydrogels the properties were again measured in different swelling time (15, 30 , and 60 min in water). This measurement was continued up to 60 min, because within 15-min swelling in water, the dry hydrogels regain their shapes and properties like fresh hydrogels, which become useful for application. Figure 1 shows the SEM micrographs of the dried samples of hydrogels containing (a) PVP/CMC = 100 : 0, (b) PVP/CMC = 0 : 100, and (c) PVP/CMC = 20 : 80. In Figure 1(a) , PVP is dispersed uniformly in the matrix, which cannot be detected under scanning electron microscope. In Figure 1(b) , presence of CMC is clearly visible in the form of microgranular structures throughout the hydrogel. Figure 1(c) is the SEM micrograph of the hydrogel containing both PVP (20%) and CMC (80%). It looks almost similar with Figure 1(b) , because PVP and CMC formed an immiscible polymer blend where CMC is distributed uniformly throughout the hydrogel. The images reveal the homogeneity of the components in PVP-CMC blend hydrogel.
RESULTS AND DISCUSSION
SEM micrographs of the hydrogels
FTIR spectroscopy of the hydrogels
FTIR spectra of pure PVP, pure CMC, and PVP-CMC hydrogels are shown in Figure 2 . Some charac teristic peaks in PVP spectrum can be ascribed as follows: 1285 cm -1 for C-N stretching vibration and 1654 cm -1 for C=0 vibration. 9 Peak at 1062 cm -1 in the spectrum of CMC represents l,4-(3-D-glucoside stretching vibration. 23, 24 In the case of PVP-CMC hydrogels, one single broad peak appears for each hydrogel in the region between 1620 and 1650 cm" 1 . Formation of this single peak for each hydrogel suggests that there was good interaction among the components (PVP, CMC, agar, PEG, and glycerin) during the formation of PVP-CMC hydrogels.
Swelling behavior of the hydrogels
Swelling behavior of the hydrogels was measured in distilled water to evaluate the extent of their water uptake property. Huge water retention capacity is one of the main characteristics of hydrogels. Figure 3 represents the variation in water absorption property of the hydrogels, which depends on the PVP-CMC ratio. PVP of its own accord does not have good absorption capacity, but when blended with CMC, its swelling property increases significantly. 9, 10 As the percentage of CMC increases, water uptake capacity also increases almost proportionately. The time required to reach equilibrium swelling varies for different hydrogels, but after around 5 h all hydrogels would have reached equilibrium condition. When there is a network of the chains of polyelectrolyte containing ionizable groups, the mobile counterions present in the gels develop a large swelling pressure because of some intermolecular nonco-valent interaction, such as coulombic repulsion, hydrogen-bonding, and polar forces. 9, 25 Thus, the polymeric interactions increase and cause a very high sorption rate. Because of this reason the swelling capacity of the hydrogels increases noticeably with the variation of the content of CMC. 9 
Rheological behavior of the hydrogels
There are basically two types of theories exist to explain rheological behavior. Macroscopic stress-strain-time relationships are being used in phenomenological theories; while molecular theories provide evidence of viscoelastic behavior from molecular structure and conformation. 26 Figure 4(a) shows storage modulus G and loss modulus G" versus angular frequency co plots for some typical samples (fresh samples). For all the samples, storage modulus is higher than loss modulus and they all show a similar trend in behavior except G of the sample PVP/CMC = 100 : 0. Angular frequency does not affect so much on storage modulus showing similar to rubbery plateau behav ior. In case of log G" versus log oo plots, initially the values of loss modulus decrease with respect to angular frequencies, but then the values become steady. Decrease in the value of loss modulus in the beginning may be due to some changes in internal structure of the samples. This seems to be a typical behavior of the gels, which were achieved in this work as well as reported for the different types of gels. 27 Figure 60 min of swelling shows best behavior in rheological property with high elasticity. Figures 5-7 show the viscoelastic behavior of the hydrogels with variation in swelling time (15, 30 , and 60 min). These figures represent the effect of composition and swelling time on storage modulus (G'), loss modulus (G"), and complex viscosity (r|*) consecutively at different angular frequencies. In all these three cases, the variation in go does not show much influence on the properties of the hydrogels. That indicates that the hydrogels consist of very good crosslinking and provide mechanical stability.
From Figures 5 and 6 , it can be seen in all cases that storage modulus is significantly higher than loss modulus. Angular frequencies do not affect much on behavior, but swelling time shows great effect on it. This result supports that hydrogels are showing high elastic property. This property is very much necessary for hydrogels from the application point of view. In Figure 7 , the complex viscosity (r|*) graph represents how viscous and elastic properties influence on flow behavior of the hydrogels. As we can see from the previous figures that G' is always significantly higher than G" for each samples, so it can be suggested that the influences of storage modulus (G') is predominant on the flow behavior of the hydrogels, and the flow of the gels investigated here is more elastic, rather than viscous.
The hydrogels are generally formed by physical and chemical crosslinking and result in a three-dimensional (3D) network. The viscoelastic behavior of these gels depends strongly on the mechanism of gel formation. Actually, hydrogels are classified into two groups: physical and chemical gels. In physical gels, the polymer chains are connected by electrostatic force, hydrogen bonds, hydrophobic interactions, or chain entanglements, as a result they form pseudo/unstable gels, which can be converted into polymer solutions by heating. Whereas, in chemical gels, covalent bonds linking the chains of polymers thus form true/permanent gels. 8, 25 In this article, we deal with the formation of pseudo polymer network by heat treatment. The formation of the three-dimensional network structure and its mechanical property is influenced here by molecular secondary forces such as hydrogen-bonding, molecular entanglements, and hydrophobic interactions. In this case, agar also acts as a natural gelling agent. Agar can form hydrogel on cooling the solution, because the gel is formed due to the formation of helices and its association. 8 Generally, typical strong gel spectra demonstrate two nearly horizontal straight lines; G' shows 1-2 orders of magnitude higher than G". 26 Similar rheo-logical behavior was also observed in another types of gels, i.e., carbomer gels for ophthalmic use. 2 All the hydrogels investigated in this study also show higher elasticity/storage modulus (G 7 ) than viscosity/loss modulus (G"), and the frequency dependence was insignificant irrespective of hydrogel composition. These data strongly support the formation of PVP-CMC hydrogels and establish them as strong gels. From Figures 5-7 , it is clear that the hydrogels having the composition PVP/CMC = 20 : 80 show the higher values of G', G", and r\* as well as have consistency with swelling time. Higher storage modulus indicates elevated elastic property, but among all the test samples, the value of elasticity modulus is highest for the PVP/CMC = 20 : 80 hydrogels. Therefore, PVP/CMC = 20 : 80 can be considered as the best blend ratio from the swelling as well as rheological points of view.
CONCLUSIONS
Five types of hydrogels of PVP/CMC blends with different compositions (PVP/CMC = 0 : 100, 20 : 80, 50 : 50, 80 : 20, and 100 : 0, w/w) were prepared from PVP and CMC aqueous solution by means of moist heating. Agar plays a significant role for the formation of the hydrogels as agar is a natural gelling agent. PVP/CMC blend hydrogels have much better swelling behavior than that of pure PVP hydrogel and better dynamic mechanical properties than that of pure CMC hydrogel. Among them, the hydrogel with PVP/CMC = 20 : 80 shows the best result in water absorption property as well as in rheological properties with variation in swelling time. In addition to the excellent swelling property and good elasticity, the hydrogels are having some other properties, which suggest that they can be used as wound dressing material. They are flexible, semitransparent, give cool feelings, easy to remove, and permit the observation of the healing process. Moreover, they seem very promising for commercialization because of the cheapness and abundance of the materials and simple low-cost methodology for preparation.
